Introduction
============

Cerebral hyperperfusion after carotid endarterectomy (CEA) is defined as a major increase in ipsilateral cerebral blood flow (CBF) following surgical repair of carotid stenosis that is well above the metabolic demands of the brain tissue.^[@B1],[@B2]^ Cerebral hyperperfusion syndrome after CEA is a complication of cerebral hyperperfusion that is characterized by unilateral headache, face and eye pain, seizure, and focal symptoms that occur secondary to cerebral edema or intracerebral hemorrhage.^[@B1]--[@B4]^ Although the incidence of intracerebral hemorrhage is relatively low (1%), the prognosis for patients with this condition is poor.^[@B5]^ In addition, recent studies have demonstrated that post-CEA hyperperfusion, even when asymptomatic, causes postoperative slight but diffuse brain damage that can be detected by iomazenil single-photon emission computed tomography (SPECT) or by diffusion tensor magnetic resonance imaging rather than by conventional magnetic resonance imaging, including T~1~, T~2~, and diffusion-weighted sequences.^[@B6]--[@B10]^ Further, brain damage due to post-CEA hyperperfusion is a main cause of postoperative cognitive impairment that develops in 10% of patients undergoing CEA.^[@B6]--[@B10]^

Risk factors for cerebral hyperperfusion include long-standing hypertension, high-grade stenosis, poor collateral blood flow, and contralateral carotid occlusion, which often result in impairments in cerebral hemodynamics.^[@B11]^ Further, a rapid restoration of normal perfusion pressure following CEA may result in hyperperfusion in regions of the brain in which autoregulation is impaired due to chronic ischemia. This hypothesis is similar to the "normal perfusion pressure breakthrough" theory described by Spetzler et al.^[@B12]^ and is consistent with observations by several investigators that decreased CBF at the resting state or decreased cerebrovascular reactivity (CVR) to acetazolamide is a significant predictor of post-CEA hyperperfusion.^[@B13]--[@B16]^ While both measurements of CBF at the resting state and CBF with acetazolamide challenge are necessary to characterize the CVR, the predictive accuracy of the development of post-CEA hyperperfusion has not been compared between CBF at the resting state and CVR to acetazolamide.

Acetazolamide is associated with frequent and various adverse side effects, including metabolic acidosis, hypokalemia, numbness of the extremities, headache, tinnitus, gastrointestinal disturbances, and Stevens--Johnson syndrome.^[@B4],[@B17]^ In fact, 63% of patients who underwent SPECT study with acetazolamide challenge developed adverse effects between 1 hour and 3 hours after administration of acetazolamide, and these symptoms lasted for 0.5 hour to 72 hours^[@B17]^ and frequently impacted patients' activities of daily living, including the ability to engage in their jobs.^[@B17]^

Thus, it would be beneficial to clarify whether preoperative measurement of CBF with acetazolamide in addition to preoperative measurement of CBF at the resting state increases the predictive accuracy of development of cerebral hyperperfusion after CEA. To solve this question, we compared the predictive accuracy of the development of post-CEA hyperperfusion between CBF at the resting state and CVR to acetazolamide.

Patients and Methods
====================

I.. Study design
----------------

The present study was designed as a prospective observational research. This protocol was reviewed and approved by the institutional ethics committee, and written informed consent was obtained from all patients or their next of kin prior to participation.

II.. Patient selection
----------------------

The present study included patients with ipsilateral internal carotid artery (ICA) stenosis ≥ 70% and useful residual function (modified Rankin disability scale, 0--2) who underwent CEA of the carotid bifurcation in our institution from January 2000 to December 2013.

III.. Brain perfusion SPECT and definition of cerebral hyperperfusion
---------------------------------------------------------------------

CBF was assessed using *N*-isopropyl-*p*-\[^123^I\]-iodoamphetamine (IMP) and SPECT within 14 days before and immediately after CEA. The ^123^I-IMP SPECT study with and without acetazolamide challenge were performed as described previously.^[@B18]^ Preoperatively, 3 days after measurement of CBF at the resting state, subjects underwent SPECT with acetazolamide challenge. In addition, patients with post-CEA hyperperfusion underwent a third CBF measurement in the same manner at 3 days after CEA. The CBF images were calculated according to the ^123^I-IMP-autoradiography method.^[@B18]^

All SPECT images were transformed into the standard brain size and shape by linear and nonlinear transformation using statistical parametric mapping 2 for anatomic standardization.^[@B19]^ Thus, brain images from all subjects had the same anatomic format. Then, 318 constant regions of interest (ROIs) were automatically placed in both the cerebral and cerebellar hemispheres using a three-dimensional stereotaxic ROI template (3DSRT).^[@B20]^ The ROIs were grouped into 10 segments (callosomarginal, pericallosal, precentral, central, parietal, angular, temporal, posterior, hippocampus, and cerebellum) in each hemisphere according to the arterial supply. Five (precentral, central, parietal, angular, and temporal) of these 10 segments were combined and defined as a ROI perfused by the middle cerebral artery (MCA). The mean value of all pixels in the MCA ROI in the cerebral hemisphere ipsilateral to CEA was calculated. Preoperative CVR to acetazolamide in the cerebral hemisphere ipsilateral to CEA was also calculated as follows: CVR (%) = \[(CBF with acetazolamide challenge -- CBF at the resting state)/CBF at the resting state\] × 100. For CBF at the resting state and CVR to acetazolamide in the MCA ROI, data described previously (35.9 ± 4.4 ml/100 g/min and 36.8 ± 9.2%, respectively)^[@B18]^ were used as control values. In each patient, post-CEA hyperperfusion was defined as CBF increase of ≥ 100% (i.e., a doubling) when compared to preoperative values in an MCA ROI ipsilateral to the side of surgery.^[@B15]^

IV.. Preoperative, intraoperative, and postoperative management
---------------------------------------------------------------

All patients received antiplatelet therapy until the morning of the day on which CEA was performed, and all patients underwent surgery under general anesthesia. Anesthesia was induced using fentanyl (2--3 mg/kg intravenously), propofol (1.5--3 mg/kg intravenously), and vecuronium (0.1 mg/kg intravenously) and was maintained using repeated boluses of fentanyl (1--2 mg/kg intravenously) and vecuronium and continuous infusion of propofol. All patients were artificially ventilated with an air--oxygen mixture (inspired fraction of oxygen ∼0.30). Analysis of intermittent drawn arterial blood gas samples ensured normoventilation (4.7--5.2 kPa). Routine monitoring during anesthesia included standard electrocardiography, direct arterial blood pressure measurement through an intra-arterial catheter, pulse oximetry, and capnography.

A bolus of heparin (5,000 international units) was administered prior to ICA clamping. Until December 2007, no intraluminal shunt was used in these procedures; after that an intraluminal shunt was introduced based on the findings of intraoperative monitoring of transcranial cerebral oxygen saturation using near-infrared spectroscopy^[@B21]^ and electroencephalography with a 12-channel montage.^[@B22]^

In all patients with post-CEA hyperperfusion, intensive control of arterial blood pressure between 100 mmHg and 140 mmHg was instituted using intravenous administration of antihypertensive drugs immediately after SPECT. When CBF decreased and hyperperfusion resolved on the third postoperative day, pharmacologic control of blood pressure was discontinued. However, when hyperperfusion persisted, systolic arterial blood pressure was maintained below 140 mmHg. When hyperperfusion syndrome developed, the patient was placed in a propofol coma. A diagnosis of hyperperfusion syndrome required: (1) seizure, alteration in consciousness level and/or focal neurologic signs such as motor weakness that developed or worsened between 24 hours and 30 days after surgery and (2) hyperperfusion on the ^123^I-IMP SPECT performed after CEA.

V.. Statistical analysis
------------------------

Data are expressed as the mean ± standard deviation (SD). The relationship between each variable and the development of post-CEA hyperperfusion was evaluated with univariate analysis using the Mann--Whitney's U test or χ^2^ test. A multivariate statistical analysis of factors related to development of post-CEA hyperperfusion was also performed using a logistic regression model. Variables with P \< 0.2 in the univariate analyses were selected for analysis in the final model. To estimate the ability to discriminate between patients with and without post-CEA hyperperfusion, a receiver operating characteristics (ROCs) curve was constructed, plotting sensitivity versus "one minus specificity" for possible cut-off values, and the area under the ROC curve was calculated. The ROC curve was calculated in increments or decrements of 0.5 SD (2.2 ml/100 g/min for CBF at the resting state; 4.6% for CVR to acetazolamide) from the mean value (35.9 ml/100 g/min for CBF at the resting state; 36.8% for CVR to acetazolamide) obtained in normal subjects. Pair-wise comparison of the area under the ROC curves was performed between preoperative CBF at the resting state and CVR to acetazolamide in the affected hemisphere using the method proposed by Pepe and Longton.^[@B23]^ Differences in sensitivity, specificity, and positive- and negative-predictive values for prediction of the post-CEA hyperperfusion between preoperative CBF at the resting state and CVR to acetazolamide were analyzed using 95% confidence intervals (CIs). For all statistical analyses, significance was set at the P \< 0.05 level.

Results
=======

During the 14-year period of the study, a total of 556 patients satisfied the inclusion criteria. All patients successfully underwent preoperative and postoperative brain perfusion SPECT studies. Of these, 56 patients who underwent CEA under administration of edaravone^[@B24],[@B25]^ were excluded from analysis. A total of 500 patients, which included 291 patients previously described,^[@B26]--[@B28]^ were thus enrolled into the present study. Mean age of the 500 patients (458 men, 42 women) was 68.9 ± 6.8 years (range, 44--85 years). There were 424 patients with hypertension, 182 patients with diabetes mellitus, and 247 patients with dyslipidemia. Three hundred and fourteen patients demonstrated ipsilateral carotid territory symptoms, including 104 patients with transient ischemic attack, 75 patients with transient ischemic attack and subsequent stroke, and 135 patients with stroke alone; 186 patients showed asymptomatic ICA stenosis. The overall average degree of ICA stenosis was 85.3 ± 8.8% (range, 70--99%), as per the North American Symptomatic Carotid Endarterectomy Trial^[@B29]^ according to angiography/arterial catheterization, with 102 patients showing \> 70% stenosis or occlusion in the contralateral ICA. Mean duration of ICA clamping was 37.1 min (range, 22--52 min). An intraluminal shunt was introduced in 3 patients.

Fifty-one patients (10%) met CBF criteria for post-CEA hyperperfusion on the brain perfusion SPECT images obtained immediately after surgery. In 38 of the 51 patients with hyperperfusion immediately after CEA, hyperperfusion was not present on the SPECT performed on the third postoperative day, and these 38 patients had uneventful postoperative courses. However, the remaining 13 patients with cerebral hyperperfusion immediately after CEA experienced a progressive increase in CBF on the third postoperative day. Of these 13 patients, 12 experienced cerebral hyperperfusion syndrome with transient hemiparesis and/or aphasia and/or consciousness disturbance with onset at 4 days to 8 days after surgery. Propofol coma was induced in the 12 patients. Following termination of the propofol coma, these patients eventually experienced full neurological recovery. Another patient^[@B30]^ experienced asymptomatic cerebral hyperperfusion on brain perfusion SPECT during a 2-week period after surgery. On the 28th postoperative day, repeat SPECT demonstrated resolution of hyperperfusion, but 12 hours later, the patient experienced left motor seizures with secondary generation. SPECT performed 36 hours after the onset of seizures demonstrated the reappearance of hyperperfusion. Intensive blood pressure control was maintained until the 36th postoperative day. On the next day, SPECT demonstrated resolution of hyperperfusion.

Results of univariate analysis of factors related to the development of cerebral hyperperfusion following CEA are summarized in [Table 1](#T1){ref-type="table"}. The age, degree of ICA stenosis, and the incidence of symptomatic lesion were significantly greater in patients with post-CEA hyperperfusion than in those without; preoperative CBF at the resting state and CVR to acetazolamide were significantly lower in patients with post-CEA hyperperfusion than in those without. Other variables were not significantly associated with the development of post-CEA hyperperfusion. After eliminating closely related variables in the univariate analyses, the following confounders (P \< 0.2) were adopted in the logistic regression model for the multivariate analysis: age, diabetes mellitus, symptomatic lesion, degree of ICA stenosis, preoperative CBF at the resting state, and CVR to acetazolamide. The multivariate analysis revealed that low preoperative CBF at the resting state (95% CIs, 0.855 to 0.967; P = 0.0023) and low CVR to acetazolamide (95% CIs, 0.844 to 0.912; P \< 0.0001) were significantly associated with the development of postoperative cerebral hyperperfusion.

[Figure 1](#F1){ref-type="fig"} illustrates ROC curves of the CBF at the resting state and the CVR to acetazolamide, which can be taken as a measure of their ability to predict development of post-CEA hyperperfusion. The area under the ROC curve for CBF at the resting state or CVR to acetazolamide was 0.755 (95% CIs, 0.714 to 0.792) or 0.928 (95% CIs, 0.902 to 0.949), respectively; the area was significantly greater for CVR to acetazolamide than for CBF at the resting state (difference between areas, 0.173; P \< 0.0001).

Sensitivity, specificity, and positive- and negative-predictive values for the CBF at the resting state and the CVR to acetazolamide in the cut-off point lying closest to the left upper corner of the ROC curve for the prediction of the development of post-CEA hyperperfusion are shown in [Table 2](#T2){ref-type="table"}. The cut-off points for both were identical to the mean --2SD of the control value obtained from normal subjects. Sensitivity, specificity, and positive- and negative-predictive values were significantly greater for the CVR to acetazolamide than for the CBF at the resting state.

Discussion
==========

The present study demonstrated that preoperative measurement of CBF with acetazolamide in addition to preoperative measurement of CBF at the resting state increases the predictive accuracy of the development of post-CEA hyperperfusion.

We previously compared CBF at the resting state and CVR to acetazolamide determined quantitatively by the ^123^I-IMP-autoradiography method using SPECT with those determined quantitatively by the H~2~^15^O positron emission tomography in patients who had major cerebral artery steno-occlusive disease.^[@B18]^ CBF at the resting state (r = 0.808) and CVR to acetazolamide (r = 0.820) determined using the former method strongly correlated with those determined using the latter method, and the ability of the former method to detect decreased CBF at the resting state and decreased CVR to acetazolamide was almost identical to that of the latter method.^[@B18]^ In the present study, CBF at the resting state and CVR to acetazolamide were measured using the former method.

Cerebrovascular autoregulatory mechanisms act via dilation of precapillary resistance vessels to maintain CBF in the context of reductions in cerebral perfusion pressure, referred to as "stage 1 ischemia."^[@B31]--[@B33]^ CVR to acetazolamide reflects the degree of the cerebrovascular autoregulatory vasodilation and begins to decrease in stage 1 ischemia.^[@B34]^ However, autoregulatory capacity is not sufficient to compensate severe reductions in cerebral perfusion pressure, thereby leading to a decline in CBF and an exhaustion of CVR to acetazolamide, referred to as "misery perfusion" or as "stage 2 ischemia."^[@B31]--[@B33]^ In the present study, low preoperative CBF at the resting state and low CVR to acetazolamide were significantly associated with the development of postoperative cerebral hyperperfusion. These findings support the theory that post-CEA hyperperfusion results from the loss of normal vasoconstriction secondary to chronic cerebral ischemia and maladaptive autoregulatory mechanisms.^[@B3]^ Further, the ROC analyses demonstrated that preoperative CVR to acetazolamide was a better predictor of post-CEA hyperperfusion when compared to CBF at the resting state.

As discussed above, only CVR to acetazolamide is theoretically decreased in stage 1 ischemia, and both CBF and CVR are theoretically decreased in stage 2 ischemia. However, in the clinical setting, a decrease in CBF does not always suggest stage 2 ischemia; less than half of patients with decreased CBF on brain perfusion SPECT due to cerebral major artery steno-occlusive diseases have stage 2 ischemia in the affected cerebral hemisphere.^[@B35]^ Kuroda et al.^[@B36]^ suggested that decreased CBF in the affected cerebral hemisphere includes two pathophysiologically different conditions: stage 2 ischemia due to hemodynamic compromise and matched hypometabolism due to cerebral ischemic lesions. For the latter condition, cerebral ischemic lesions may cause selective neuronal damage in the normal-appearing cerebral cortex beyond the regions of infarcts, resulting in decreased metabolism in the cerebral hemisphere.^[@B37]^ In addition, metabolism in the cerebral hemisphere with ischemic lesions may be reduced due to diaschisis from the lesions.^[@B37]^ Under such conditions, CBF is decreased along with a reduction in cerebral metabolism, which does not result in stage 2 ischemia. Therefore, patients with only matched hypometabolism might not develop post-CEA hyperperfusion. These factors may account for the lower specificity and the lower positive-predictive value for CBF at the resting state than for CVR to acetazolamide.

The present study also showed that the sensitivity and negative-predictive value for the CVR to acetazolamide were 100% and these values were significantly greater than those for the CBF at resting state, implying that while none of patients without decreased CVR to acetazolamide developed post-CEA hyperperfusion, patients without decreased CBF at the resting state sometimes developed post-CEA hyperperfusion. Thus, post-CEA hyperperfusion can occur even in patients with the stage 1 ischemia and measurement of only CBF at the resting state cannot predict development of post-CEA hyperperfusion in such patients.

Considering the predictive accuracy of the development of post-CEA hyperperfusion, CBF with acetazolamide should be preoperatively measured in addition to CBF at the resting state. On the other hand, considering the potential adverse effects of acetazolamide,^[@B4],[@B17]^ patients may undergo preoperative measurement of only CBF at the resting state. In the latter situation, physicians should recognize the following findings: the positive-predictive value is relatively low (less than 30%) and even patients without decreased CBF at the resting state may develop post-CEA hyperperfusion.

Conclusion
==========

The present study demonstrated that preoperative measurement of CBF with acetazolamide in addition to preoperative measurement of CBF at the resting state increases the predictive accuracy of the development of post-CEA hyperperfusion.
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###### 

Risk factors for the development of postoperative cerebral hyperperfusion

  Risk factors                                 Postoperative hyperperfusion   P value       
  -------------------------------------------- ------------------------------ ------------- -----------
  Age (years) (mean ± SD)                      71.3 ± 5.8                     68.7 ± 6.8    0.0128
  Male gender                                  45 (88%)                       413 (92%)     0.4195
  Hypertension                                 46 (90%)                       378 (84%)     0.3087
  Diabetes mellitus                            24 (47%)                       158 (35%)     0.1238
  Dyslipidemia                                 23 (45%)                       224 (50%)     0.5565
  Symptomatic lesion                           39 (76%)                       275 (61%)     0.0332
  Degree of ICA stenosis (%) (mean ± SD)       91.3 ± 5.9                     84.6 ± 8.8    \< 0.0001
  Bilateral lesion                             14 (27%)                       88 (20%)      0.2001
  Duration of ICA clamping (min) (mean ± SD)   36.8 ± 6.2                     37.2 ± 5.3    0.6938
  Use of intraluminal shunt                    1 (2.0%)                       2 (0.4%)      0.8776
  CBF at resting state (ml/100 g/min)          24.3 ± 4.5                     30.6 ± 7.3    \< 0.0001
  CVR to acetazolamide (%)                     9.2 ± 6.6                      33.4 ± 15.4   \< 0.0001

CBF: cerebral blood flow, CVR: cerebrovascular reactivity, ICA: internal carotid artery, SD: standard deviation.

###### 

Sensitivity, specificity, and positive- and negative-predictive values for cerebral blood flow at resting state and cerebrovascular reactivity to acetazolamide for the prediction of the development of postoperative hyperperfusion

                                        CBF at resting state                                 CVR to acetazolamide                     P value
  ------------------------------------- ---------------------------------------------------- ---------------------------------------- ---------
  Sensitivity (95% CIs)                 84.3% (71.4--93.0%)                                  100.0% (93.1--100.0%)                    \< 0.05
  Specificity (95% CIs)                 64.6% (60.6--69.0%)                                  86.4% (82.9--89.4%)                      \< 0.05
  Positive-predictive value (95% CIs)   21.3% (15.9--27.6%)                                  45.5% (36.1--55.2%)                      \< 0.05
  Negative-predictive value (95% CIs)   97.3% (94.8--98.8%)                                  100.0% (99.1--100.0%)                    \< 0.05
  Cut-off point                         27.1 ml/100 g/min [\*](#TFN2){ref-type="table-fn"}   18.4% [\*](#TFN2){ref-type="table-fn"}   

mean --2 standard deviation of the control value obtained from normal subjects. CBF: cerebral blood flow, CIs: confidence intervals, CVR: cerebrovascular reactivity.
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